We investigate the different roles played by orbital dynamics and dissipative cloud-cloud collisions in the formation of giant molecular clouds (GMCs) in global spiral structures. The interstellar medium (ISM) is simulated by a system of particles, representing clouds, which orbit in a spiral-perturbed, galactic gravitational field. Detailed comparisons are made between the results of cloud-particle simulations in which the cloudparticles collide inelastically with one another and give birth to and subsequently interact with young star associations and the results of stripped-down simulations in which cloud-cloud collisions and star formation processes are omitted. Large "GMC-like" associations of smaller clouds are efficiently assembled in spiral arms and subsequently dispersed in interarm regions largely by the orbital dynamics alone. The overall magnitude and width of the global cloud density distribution in spiral arms is very similar in the collisional and collisionless simulations. The results suggest that the assumed number density and size distributions of clouds and the details of individual cloud-cloud collisions have relatively little effect on these features.
I. INTRODUCTION
Our conceptual ideas about the constitution of the interstellar medium (ISM) have undergone a dramatic revision in the last two decades. What was once thought of as a fairly uniform gaseous medium is now seen to be highly nonuniform, with numerous 1-50 pc scale clumps or " clouds " of relatively cool, dense gas at one end of the spectrum and 50 pc-kpc scale giant molecular clouds (GMCs) at the other, all embedded in a highly rarefied, partly ionized intercloud medium (Loren 1976 (Loren , 1977 Burton and Gordon 1978; Scoville, Solomon, and Sanders 1979; Levinson 1980; Cohen et al 1980; Liszt, Delin, and Burton 1981; Liszt 1985; Solomon, Sanders, and Rivolo 1985) . CO observations of the spiral galaxy M31, for example, indicate that the largest of these nonuniformities, the GMCs, are almost exclusively located in spiral arms (Combes et al. 1977; Boulanger, Stark, and Combes 1981; Stark 1985; Ryden and Stark 1986) . Such concentration of GMCs in spiral arms may also be the case for our own Galaxy (Stark 1979; Stark et al. 1986 ). Stark (1986) provides a working definition of a GMC as a region of ~ 50 pc, emitting a peak CO line antenna temperature in excess of a few degrees kelvin, where the line velocity does not vary more than a few km s -1 . The antenna temperature is used to infer the size and mass of the GMC. A line width that is narrower than what one would obtain from the systematic velocity gradient across the observational beam is generally taken to imply that the emitting region is a localized entity with low internal velocity dispersion. On the other hand, the finite width of such lines suggests that many GMCs may be in fact loose associations of small clouds.
According to the Oort model (Oort 1954) , the large GMCs form in spiral arms by the collisional aggregation of smaller clouds and subsequently self-destruct because of the formation of massive stars. Initial estimates of the time required to grow massive (10 5 -10 6 M 0 ) GMCs were so long that it seemed unlikely they could first form and second break up before crossing into the interarm region (Scoville and Hersh 1979; Kwan 1979) . However, these initial calculations neglected the tendency of the spiral arm gravitational field to enhance substantially the number density of clouds and thereby increase the frequency of cloud-cloud collisions in spiral arms. Recent numerical simulations of cloud coalescence find that the short formation time scales are possible when a spiral potential is imposed, but the time required for rapid destruction of GMCs by star formation is adjusted as a free parameter in order to obtain an upper bound for the mass spectrum of clouds and to confine GMCs in the spiral arm region (Casoli and Combes 1982; Kwan and Valdes 1983; Tomisaka 1984 Tomisaka , 1986 Gerin 1986). 1987ApJ. . ,314. . 
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The mutual gravitational attraction between neighboring clouds can also increase the rate of coalescence. Kwan and Valdes (1986) model the gravitational interaction between clouds closer than 400 pc and find that the rate of coalescence of the larger clouds is increased by a factor of ~ 3. This result is presumably caused by the gravitational enhancement of the collision cross section which occurs when the relative velocity is less than or equal to the escape velocity from the more massive clouds. However, these authors also find that the relative velocity between colliding clouds may exceed the escape velocity from the resulting agglomeration, and as also stated by Kwan and Valdes, it is uncertain whether clouds actually coalesce in such circumstances. It should be emphasized that the gravitational effects considered by Kwan and Valdes are purely local (on scales <400 pc); whereas the long-range nature of gravitational interactions between clouds are expected to be important and most certainly lead to an overall enhancement of the spiral perturbed galactic potential. This long-range effect of self-gravity is not included in the work of Kwan and Valdes (1986) , and we will consider it only in a later paper.
A possible difficulty with these models is that detailed calculations of cloud-cloud collisions find cloud fragmentation may be a more likely outcome than coalescence (Hausman 1982; Gilden 1984) . Elmegreen (1985a) further argues that embedded magnetic fields would also tend to inhibit the collisional coalescence of colliding clouds. One would naturally expect the results of cloud coalescence to depend sensitively on the assumed probability that collisions between clouds actually lead to coalescence. However, this seems not to be the case. The papers described above assume a range of different efficiences for collisional coalescence of clouds. At one extreme, Tomisaka (1984 Tomisaka ( , 1986 assumes that every collision leads to coalescence. Kwan and Valdes (1986) restrict coalescence to collisions in which the separation of cloud centers is less than the radius of the larger cloud. Combes and Gerin (1986) are even more restrictive, allowing for collisional fragmentation as well as coalescence; their coalescence efficiency is only ~47% of all collisions. In spite of their different assumptions, all three of these groups are still able to form large GMCs within 40 Myr. What is the explanation for this relative insensitivity on the assumed efficiency of collisional coalescence? Perhaps the actual coalescence of clouds is not the primary factor that determines the growth of GMC associations. Similar numerical simulations of clouds in a spiral gravitational potential by Roberts and Hausman (1984, hereinafter Paper I) and Hausman and Roberts (1984, hereinafter Paper II) show that the assembling clouds into GMC-like associations occurs in spiral arms even without cloud coalescence. The implication is that collisional coalescence may not be as necessary as heretofore thought and that the spiral gravitational potential plays at least as important a role as collisional coalescence in governing the rapid growth of GMCs in spiral arms.
A simple alternative for GMC formation therefore is that many GMCs could actually be loose associations of numerous small clouds rather than the discrete massive objects in the models of Tomisaka, Kwan and Valdes, and Combes and Gerin. Stark's criteria for defining GMCs based on CO emission-line observations are compatible with this idea. Indeed, the mass spectrum of cloud sizes deduced by Drapatz and Zinnecker (1984) may really describe the temporary assembling of smaller clouds on many different length scales. Such temporary associations of smaller clouds are found in 11 this paper to be an inevitable consequence of the imposed spiral gravitational potential.
It is a well-known property of spiral galaxies that particle orbits have a tendency to linger in spiral arms in response to the gravitational attraction toward the local potential minimum in the arm. As a result, individual cloud particles will often take as much time to move across a spiral arm as to travel the much greater distance from one arm to the next. In addition, neighboring particle trajectories tend to converge as they enter a spiral arm. This " orbit-crowding " phenomenon is often clearly seen in continuum gas dynamical calculations where neighboring gas streamlines converge as they enter a spiral arm potential minimum and cause a shock to form (Roberts 1969; Roberts, Huntley, and van Albada 1979) . We wish to argue here that the crowding of cloud orbits in the spiral arm of a galactic potential allows GMCs to be rapidly assembled from smaller clouds and is the primary mechanism which underlies the organization of the GMC complexes along global spiral arms. In our view, collisions among clouds are therefore not the primary mechanism which determines the global coherence and the strong arm-to-interarm density contrasts observed in spiral arm structures but are important for the growth of individual complexes on local scales. The fact that GMCs are mainly observed in spiral arms is also easily explained by the natural tendency of cloud orbits to disperse once they leave the arm.
In an ordinary gas, the collisional mean free path of the constituent molecules determines the thickness of shock waves. One might reasonably expect that the sharpness of the density peaks and velocity variations exhibited by the colliding-cloud ISM would similarly depend upon the clouds system's mean free path. Both laboratory experiments and molecular theory indicate that the thickness of strong terrestrial shocks (Mach number 3 or more) is several average mean free paths within the wave (e.g., Bird 1976). However, our studies in Papers I and II show that the size of the mean free path has very little effect on the degree of concentration of the cloud distribution into spiral arms and little effect on the global spiral structure. There we explored the effect of assuming different disk-averaged collisional mean free paths for the clouds. By computing a series of models in which the disk-averaged mean free path was varied between 200 and 2000 pc, we found the remarkable result that the coherence and organization of the cloud distribution into spiral arms are little effected. The response of the cloud system to the spiral gravitational perturbation was found to be consistently strong and its large-scale distribution into global structure largely independent of its disk-averaged mean free path. Likewise, we found the global spiral coherence of the bright star distribution not to be greatly affected, although the overall star formation rate was reduced, being lower for larger cloud system mean free paths. This insensitivity to mean free path is further evidenced by the fact that Tomisaka (1984) obtained cloud density and mean velocity profiles across spiral arms that are nearly identical to those found in Papers I and II, even though Tomisaka used a broad distribution of cloud sizes and collision cross sections.
In this paper we will account for this paradox and show how the orbit crowding phenomenon leads naturally to global spiral arm structures that are relatively insensitive to the assumed cloud mean free path. Furthermore, we will show that the orbit crowding effects described herein provide a natural explanation for the formation and disruption of GMC complexes which is relatively insensitive to the details of cloud-12 cloud interactions and star formation processes. In contrast to previous models, we do not need to make restrictive assumptions about either the efficiency of cloud coalescence or the efficiency of cloud disruption by stellar winds and supernova events. The role of mildly dissipative cloud-cloud collisions need only be to damp the relative velocity dispersions within a given association to produce the observed narrow line widths of CO emission. Likewise, the dispersal of these GMC-like associations no longer needs to be entirely dependent on rapid and highly disruptive star formation episodes. It may be that substantially fewer GMCs than heretofore thought are gravitationally bound entities.
We believe that previous investigators have underemphasized the role of orbit crowding in producing the observed distribution of GMCs in spiral arms. On the basis of the results to be presented in this paper, it appears entirely possible that the orbit crowding of cloud orbits is the dominant process with dissipative cloud-cloud collisions a second dominant process, and that actual cloud coalescence assisted by the gravitational enhancement of collision cross sections and the disruption by star formation are both second-stage mechanisms-local icing on the cake-that enter in the global evolution only after orbit crowding and dissipative cloudcloud collisions have played their important roles.
II. OVERVIEW
The primary objective of this paper is to elucidate the role of orbit crowding and cloud-cloud collisions in the formation of GMCs and their organization in global spiral structure. Because earlier investigations of GMC formation have emphasized the details of cloud coalescence, they have tended to obscure the actual nature of the cloud trajectories. The central roles played by orbit crowding and dissipative collisions are more clearly revealed by studying simplified simulations which omit the actual coalescence of clouds. The local gravitational interaction between clouds as modeled by Kwan and Valdes (1986) may also be omitted for our purposes, because its main effect is to simply increase the rate of cloud coalescence. We believe that the modeling of GMCs as massive discrete spheres is overly simplistic. The more loosely associated irregularly shaped structures found in our simulations may be more realistic of many of the GMCs that are actually observed in galaxies.
The organization of this paper is guided by the philosophy that the results of large-scale numerical V-body simulations are best understood by systematically disassembling the model into its basic components so that the main effect of each ingredient on the end result can be separately analyzed and understood. We thereby endeavor to eliminate the possibility that numerical errors on spurious assumptions have affected our results. The general procedure we follow is one in which we systematically remove competing processes from our iV-body simulations. This procedure is described in the context of a computational experiment in § III. We attempt to clarify the subtle effects of cloud collisions and explain the surprising efficiency of orbit crowding even when mean free paths are long. Both V-body simulations of the cloud system and a detailed analysis of individual particle orbits are used to develop a conceptual understanding of how individual clouds participate in the collective density response. Thus in § IV detailed comparisons are made between a representative cloud-particle simulation in which the cloud-particles collide inelastically with one another and give birth to and subsequently interact with young star associations and stripped-down simulations in Vol. 314 which the cloud particles are allowed to follow ballistic orbits in the absence of cloud-cloud collisions or any star formation processes. These AT-body simulations are used to deduce the essential characteristics of orbit crowding. In § V orbit crowding is related to the behavior of individual particle trajectories in the galactic potential field. Since the behavior of nonperiodic orbits in a galactic potential is still lacking a comprehensive theory, we devote part of this section to a theoretical analysis of the orbital dynamics of a typical cloud particle. In § VI we formulate our conceptual picture of how GMCs are formed in the clumpy ISMs of spiral galaxies. This section also contains an extended discussion of how our results compare with those of other workers in the field. Mathematical details for the discussion of the orbital dynamics are presented in Appendix A.
The new conceptual picture which emerges from our investigation differs in several important respects from previous ideas. In particular, we argue that (i) the magnitudes and widths of the density enhancements observed in spiral arms are very insensitive to the number density and size distribution of clouds, to the details of individual cloud-cloud collisions, and to the probability of coalescence versus fragmentation; (ii) the characteristic shapes of the density and velocity profiles in spiral arms and, in particular, whether or not they exhibit galactic shock structures, are dependent on these factors; (iii) the strong tendency of orbit crowding to assemble large cloud complexes suggests that the formation of massive GMCs from smaller clouds is efficient even if collisional coalescence of individual clouds is inefficient; and (iv) the locus of GMCs and star formation is unlikely to be restricted to either the preshock or postshock regions, but rather is likely to be distributed throughout the region of enhanced density in the spiral arm. Since these results are expected to have important implications for the broader problems of GMC formation, GMC lifetimes, and star formation in spiral arms, we devote a substantial portion of our discussion to a critical examination of these issues.
III. CLOUDY ISM MODEL AND COMPUTATIONAL EXPERIMENT a) Cloudy ISM Model We have described the computational cloud-particle model in detail in Papers I and II. Here we first recapitulate the major features. Our model ISM is composed of a system of 10,000 particles distributed across a two-dimensional half-disk, initially distributed randomly out to a radius of 12 kpc, and given local circular velocities plus small peculiar velocities (amounting to a one-dimensional dispersion of 6 km s" 1 ). The particles, representing dense interstellar clouds, orbit ballistically in the galaxy's gravitational field but do not interact gravitationally with each other. The galactic field is given by a Toomre disk potential (Toomre 1963) , with a maximum circular velocity of 250 km s _1 at 10 kpc, which is perturbed by a moderate-amplitude spiral potential (spiral force/axisymmetric force amplitude ~5%-10%, pitch angle 10°, pattern speed 0.0135 Myr " 1 ; see Appendix A and Paper I, eqs.
[l]- [5] ). The clouds are subject to two dynamical processes besides galactic gravity. One cloud may collide inelastically with another, which leads to a reversal in direction of the particle's relative velocity vector and a reduction in magnitude (by 50%) of this relative speed. (In contrast to the models described by Tomisaka 1984 , Kwan and Valdes 1986 , and Combes and Gerin 1986 GIANT MOLECULAR CLOUD FORMATION 13 into larger individual entities; instead the assembling of clouds into [more loosely associated] complexes and aggregations will be followed through their orbital dynamics and dissipative collisions.) The disk-averaged value of the collisional mean free path, X, is one of the constants by which our model galaxies are characterized. When a supernova explodes within a specified distance, R snr , of a cloud, the cloud is given a small velocity impulse in the opposite direction. These randomizing impulses, along with the periodic perturbations of the spiral field, are able to replace the random kinetic energy which is lost from the cloud system due to the dissipative cloud-cloud collisions. A feedback procedure within our computer program chooses R snr appropriately to maintain the cloud system in "steady state" at the desired average velocity dispersion (6 km s _ 1 , one dimension). Clouds may give birth to stars in either of two ways. When a pair of " susceptible " clouds collide, a stellar association may be formed at the center of mass position and velocity. The probability P c , that this will happen following a collision is a constant characteristic of the model. Since cloud collisions are strongly localized in regions of high cloud number density (collision rate goes as number density squared), this star formation process is roughly analogous to the high gas-density instabilities postulated by continuum models of spiral galaxy ISMs. Stars might also be formed when a susceptible cloud receives a velocity impulse from an expanding SNR; the resulting stellar association is given the (postboost) position and velocity of the cloud. The probability that the SNR impulse will produce stars, P sn , is another constant specified in the model. Since one stellar association, by the effects of its supernovae, may give rise to another, this mechanism is a particular example of the sequential star formation processes which are necessary ingredients of stochastic, self-propagating star formation (SSPSF) pictures of spiral structure (Mueller and Arnett 1976; Gerola and Seiden 1978; Seiden and Gerola 1979; Comins 1981; Seiden 1983; also see Miller, Prendergast, and Quirk 1970) .
After a stellar association forms, we assume that it is decoupled from its parent cloud(s), orbits ballistically, collides neither with clouds nor with other associations, and influences the cloud system only during its " active " period (i.e., of supernova explosions). This active period occurs a certain length of time after the event which triggered formation of the association; the delay time is chosen randomly from the interval (0, t d ), where x D is the maximum delay time allowed.
After a cloud (or a pair of clouds) forms stars, we assume that it is insusceptible to further star formation until a certain refractory period has passed. The refractory period is equal to the delay time of the newborn stellar association plus a value randomly chosen from the interval (0, t ä ), where t r is another constant for the model. By altering the value of t r from small to large values, we can simulate different types of systems, varying from systems in which a single massive cloud may give birth to several successive associations to systems in which the new stars completely disrupt the remaining gas cloud.
Our model of spiral galaxy ISMs can thus be characterized by five parameters: the collisional mean free path 2, the two star formation probabilities P c and P sn , and the maximum delay and refractory times and t r . 10000 10000 10000 2500 2500 2500 2500 10000 10000 2500 2500 10000 10000 2500 2500 2500 2500 2500 2500 2500 2500 2500 a These are the same computational models considered in Papers I and II, apart from the addition of new cases H and J.
b A is the disk-averaged cloud collisional mean free path. c N is the total number of cloud particles in the half-disk. d Cases H and J are stripped-down cases which monitor no cloud-cloud collisions, no star formation activity, and no SNR-cloud interactions.
e Case P is an " elastic collision " case in which collisions dissipate no energy and SNR-cloud interactions cause no velocity changes. levels of complexity. We focus in detail on three cases: collisional case M, and collisionless cases H and J. Case M constitutes a "representative" cloudy ISM model with "standard" level of complexity. It is indeed the same computational model as that labeled "case M" in Papers I and II; however, in this paper it is followed in its evolution through epochs representing time scales almost double those considered in the earlier work. Dissipative cloud-cloud collisions and both triggering mechanisms of star formation are present (P c = 0.5, P sn = 0.5, t d = 20 Myr, and t r = 0 Myr). Velocity boosts to clouds by newly exploded SNRs are taken into account, have a randomizing effect on cloud velocities, and are the principal means of replacing the kinetic energy of random motions which is lost in dissipative cloud-cloud collisions.
Whereas case M constitutes the first entry in the sequence of models M, L, E, and G, with disk-averaged mean free paths of X = 200, 500, 1000, and 2000 pc, respectively (Papers I and II), cases H and J lie beyond the opposite end of this sequence at the collisionless limit, both with disk-averaged mean free path X = co. They represent stripped-down forms of the cloudy ISM model at reduced levels of complexity. Collisions between clouds are not permitted, and star formation processes are not allowed to be active or to be triggered (P c = 0, P sn = 0). Consequently, no dissipation of energy from the cloud system by dissipative cloud-cloud collisions occurs, and no energy input to the cloud system is available through SNR velocity boosts. The motion of each cloud is followed as if it were a ballistic particle, driven by the spiral perturbed gravitational potential field.
Cases H and J differ to the extent by which they are born from very different initial states. Case H is initiated as the "hybrid" offspring of the representative case M at a sample ROBERTS AND STEWART 14 epoch well after steady state is reached, t = 630 Myr, representing the end of the evolution of case M in Papers I and II. From this epoch of birth onward, cloud-cloud collisions and both star formation-triggering mechanisms are deactivated and no longer permitted to occur in this hybrid case H. In fact, cloud-cloud collisions have already played a very important role in steadying case M, thereby providing a " steady state " environment from which the hybrid case H is born. In contrast, case J is initiated as a "juvenile " offspring at the epoch i = 0 from the same initial state that was adopted to initiate case M. Cloud-cloud collisions as well as star formation are precluded from the outset. Case J will be found to undergo " sloshing " and never reach a " steady state," and this will be attributed to the fact that dissipative processes never enter, not even through a parent before birth. Together cases M, H, and J facilitate the isolation and study of certain fundamental mechanisms and processes in the cloudy ISM model. iv. results: n-body, cloud-particle simulations a) Stripped-down, Collisionless Model: Case H We focus first on the stripped-down, collisionless model, case H, born from the "steady state" environment of case M. Figure la shows the density distribution for the gas cloud system in case H at the sample epoch: t = 1170 Myr. For the 540 Myr period between the epoch of birth (t = 630 Myr) and this epoch, the cloud system has evolved as a system of ballistic particles in response to the spiral perturbed gravitational field. The global spiral structure is remarkably strong, not unlike that characterizing case H at its birth in the "steady state" environment of case M. The global spiral structure still manifests itself through strong spiral arm enhancements of the cloud system along loci of the minima of the spiral perturbed potential field.
The cloud density peak is almost always bracketed by 150° and 240° spiral phase, where the spiral potential minimum is at 180° phase (e.g., see Figs. 2 and 3). By determining the fraction of clouds,/ c , between galactocentric radii 4 and 10 kpc which are found between 150° and 240° spiral loci, we can quantitatively estimate the galaxy-wide strength of the cloud arms. A uniformly distributed set of clouds would give a value for f c of 0.25 over this one-quarter of spiral phase (150 o -240°). In case H (Fig. 1) , this fraction of clouds,/ c is found to be 0.47.
Clearly, dissipative cloud-cloud collisions, which are absent, do not constitute the primary factor that underlies the strong global " pileup" of clouds in spiral arms. This basic result was already suggested in Paper I through our studies of the sequence of cases M, L, E, and G toward longer and longer mean free paths (and lower and lower collision rates). Indeed, the spiral arm " pileups " of clouds in case G appeared comparable in strength with those in case M, despite the fact that cloud-cloud collisions play a substantially lessened role in case G, for which the disk-averaged mean free path is tenfold that in case M.
To understand what does underlie the prominent global spiral structure, we turn to the velocity field for the cloud system. Figure lb shows the velocity field in case H at the same representative epoch as shown in Figure la . Dots mark the current positions of clouds; line segments point along velocity directions. Note the strong convergence of the flow in the regions of the spiral arms, evidenced through the systematic difference between orbital directions of clouds entering the arms and those of clouds leaving the arms. An equally strong divergence of the flow is evident in the interarm regions. Such convergence of the flow field, followed by divergence, constitutes "orbit crowding" of the collective system of cloudparticle orbital trajectories in the regions of the global spiral arms (cf. gas streamline crowding in continuum gas dynamical Case H Fig. 1 .-{a) Spatial distribution of gas clouds in collisionless case H at the sample epoch: t = 1170 Myr. Plotted are 2500 clouds (per half disk) randomly selected from the 10,000 clouds (per half-disk) in the computational simulation. The clouds have undergone 540 Myr of evolution as ballistic particles since the birth of case H from the steady state environment of case M. Dissipative cloud-cloud collisions are not present and therefore do not constitute the dominant factor giving rise to the prominent global spiral structure, (b) Instantaneous velocity vectors of 1000 randomly selected clouds (per half-disk) in collisionless case H at the same epoch {t = 1170 Myr) as displayed in (u). Dots mark the current positions of clouds; line segments point along velocity directions. Velocities are shown with respect to the frame corotating with the spiral perturbation. Strong " orbit crowding " of the collective system of cloud-particle orbital trajectories occurs in the regions of the global spiral arms. The strong " pileup " of gas clouds in the global spiral arms (a) is attributed to this " orbit crowding," driven by the spiral perturbed gravitational field.
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GIANT MOLECULAR studies [Roberts 1969; Roberts, Huntley, and van Albada 1979] and studies of kinematic stellar density waves [Kalnajs 1973] ). Indeed, the strong "pileup" of gas clouds in global spiral arms ( Fig. la) is interpreted here to be a manifestation of the collective " orbit crowding " of cloud-particle orbital trajectories, driven by the spiral perturbed potential field. In the presence of a 5%-10% spiral perturbing force field, the lowdispersion cloud system is clearly capable of participating in strong "orbit crowding," leading to strong "pileup" of gas clouds in global spiral arms, even without the aid of dissipative cloud-cloud collisions.
We can examine these effects in more detail by focusing on a representative annulus about the model galactic disk. We consider a representative (half-) annulus centered at 8 kpc with a width of 500 pc. We divide the half-annulus into 60 cells and determine averages of selected physical quantities in each. Plotted in Figure 2 versus spiral phase are the distributions of number density and the velocity components and w ± , parallel and perpendicular to spiral equipotential curves for the gas cloud system at four representative epochs: t = 850, 930, 950, and 1170 Myr (Figs. 2a, 2b, 2c, and 2d, respectively) . The three distributions in each of the four panels represent averages over 20 Myr time intervals.
First and foremost it is important to note how strong are the enhancements in number density of the gas cloud system. Number density enhancements are exhibited with peak-tomean values, n mdL J(n), of 2.3:1 to 3.1:1 and arm-to-interarm contrasts of 4.5:1 to 6.0:1. In view of the fact that dissipative cloud-cloud collisions are not present to aid in the compressions, such moderately strong "pileups" are rather remarkable. They are attributed entirely to "orbit crowding" in this ballistic case H. The My and u L velocity components reflect the magnitude of the systematic motion exhibited by the gas cloud system, representing systematic perturbations from purely circular rotation typically on the order of ± 15 km s~1. b) Representative Collisional (Dissipative) Model: Case M To understand the important role which may be played by dissipative cloud-cloud collisions in real galactic systems, we undertake a comparison of the characteristics of (collisionless) case H with those of (collisional) cáse M. Plotted in Figure 3 are the distributions of number density and the velocity components u y and u L for case M at four representative epochs. The first panel (Fig. 3a) displays the epoch (t = 650 Myr) just after case H was born from case M and thereby is closely representative of the initial state from which case H began its evolution. The remaining three epochs for case M, t = 930 ( Fig. 3b) , 950 ( Fig. 3c) , and 1170 Myr (Fig. 3d) , are chosen to correspond to the last three epochs for case H (Figs. 2b, 2c , and 2d).
These distributions of number density and the velocity components u y and u ± for case M exhibit amplitudes, characteristic shapes, and phases that do not vary greatly over time. Apart from local stochastic variations, a steady state has been reached and is being maintained in case M (Figs. 3a, 3b, 3c , and 3d). Density enhancements are exhibited with peak-to-mean values, n m^J (n), of 2.8:1 to 3.4:1 and arm-to-interarm contrasts of 5.3:1 to 8.6:1. The phase which locates the peak number density in case M also does not vary greatly from the locus of the spiral perturbed potential minimum at 180°, consistently being found within the narrow range of 180 o -200° spiral phase. These steady cloud density enhancements in case M are in striking contrast to those enhancements in case H CLOUD FORMATION 17 (Figs. 2a, 2b, 2c, and 2d) , which are generally less steady with variations in phase of the peak number density encompassing the moderately broad range from 150° to 200° spiral phase. We attribute the more effective maintenance of steady state by the cloud system in case M to the dissipative cloud-cloud collisions present there. There are also strong differences in the characteristics of the u y and u L velocity components between cases M and H. The u L component exhibits a sharp deceleration from supersonic to subsonic near 180° spiral phase in case M (Fig. 3) , with galactic shock characteristics. No equivalent sharp deceleration is apparent in the much more gradually varying u L component in case H (Fig. 2) . The Wy component in case M (Fig. 3) exhibits a sharp pointed trough in the region just upstream of 180 u spiral phase. This sudden change in slope of the My component likewise signifies the presence of a galactic shock in case M. The Wy component in case H (Fig. 2) is much smoother and more gradually varying over the same region, with no sudden change in its slope and no apparent shocklike characteristics. The Wy and u L velocity components also reconfirm that case M much more easily attains a steady state than case H. For example, the phase of the minimum attained by the u L component of velocity has been followed in both cases M and H over their computed evolutions. In case M the phase of the u L minimum is consistently found near the locus of the spiral potential minimum at 180°, never deviating from the range 180 o -200°. For case H, this phase of the u L minimum undergoes larger variations, encompassing the range from 155° to 205° spiral phase in the absence of dissipative cloud-cloud collisions.
Dissipative cloud-cloud collisions are expected to aid orbit crowding in the assembly of massive cloud complexes from smaller clouds, subsequently leading to the gravitational collapse of massive cloud conglomerations and thereby providing suitable environments for active star formation. This is confirmed by the results in Figure 4 which provide global density distributions of the gas cloud system in collisional case M at two representative epochs: i = 850 (Fig. 4a ) and 1170 Myr (Fig. Ab) . The assembly of giant cloud complexes is evident on kiloparsec scales, producing an overall ruggedness in the global spiral structure, particularly in the inner half of the disk where these giant cloud conglomerations appear to be most prominent. Since self-gravitational forces are not yet included, the resulting ruggedness of the global spiral arms is attributed to the presence of dissipative cloud-cloud collisions. No comparable ruggedness is apparent in the much smoother cloud density distributions of case H (e.g. Fig. la) , in which dissipative cloud-cloud collisions are not present. The fraction of clouds,/ c , between galactocentric radii 4 and 10 kpc which are found between 150° and 240° spiral phase in case M is 0.48 at both representative epochs (Figs. 4a and 4b) , not much different from that value of 0.47 for/ c determined in case H (Fig. la) . c) Stripped-down, Collisionless Model: Case J There is one further aspect of the role played by dissipative cloud-cloud collisions that needs to be addressed. Not only do dissipative cloud-cloud collisions aid in the maintenance of the cloud system's steady state, but they also help the cloud system in the first place to relax to steady state from a prescribed initial state. This is certainly evident for case M in which the prescribed initial state of cloud-particles, distributed uniformly over the disk, is suddenly " kicked " by the instantaneous imposition of the spiral perturbation at i = 0 Myr. Time-varying oscillations are induced in the cloud-particle system by this ROBERTS AND STEWART Vol. 314 Myr. Dissipative cloud-cloud collisions aid " orbit crowding " in the assembly of massive cloud complexes from smaller clouds, producing an overall ruggedness on kiloparsec scales within the global spiral structure. No comparable kiloparsec ruggedness is apparent within the much smoother arms in collisionless case H (Fig. la) .
"kick," but they are effectively damped out by dissipative cloud-cloud collisions in a period less than 500 Myr, allowing case M to relax toward the steady state exhibited by the density and velocity profiles of Figure 3 and the two-armed global spiral pattern of Figure 4 .
In order to investigate in more detail this aspect of the role played by dissipative cloud-cloud collisions in relaxation of the cloud system toward steady state, we return to the initial state from which case M began its evolution at the epoch t = 0. We will follow the evolution of the cloud-particle system (case J) again from this initial state at i = 0. However, disallowed from the outset in this case J will be cloud-cloud collisions, together with all star formation processes and star-gas interactions. Several fundamental questions need to be addressed. First, how strong are the time-varying oscillations induced by the "kick"? Second, without dissipation, will the time-varying oscillations damp out? Third, are such time-varying oscillations of sufficient strength to suppress partially or wipe out completely the evolving global spiral structure, which can grow as a strong manifestation (e.g., case M) in the presence of dissipative cloud-cloud collisions? We would like to measure the amplitudes of these oscillations (in case J) in order to better appreciate to what extent dissipative cloud-cloud collisions enter (in case M) to suppress oscillations. Figure 5 shows the cloud distribution in case J at two representative epochs: t = 1460 and 1720 Myr (Figs. 5a and 5h, respectively). Case J's global spiral structure is found to be continually evolving over time. The major spiral arms do persist, but they also "wash in" and "wash out" with their amplitudes varying considerably. Note the strong global arms in the outer half of the disk at the epoch t = 1720 (Fig. 5b) . These spiral arms in the outer regions are much strengthened in amplitude over those arms of much diminished amplitude evident in these regions at the epoch t = 1460 (Fig. 5a ). Variations in phase of the major arms in case J are also striking. Sketched are short solid curves at clockhand locations of 14:00, 10:00, and 14:30 which mark the locus of the spiral perturbed potential minimum over three representative radial bands, each of 500 pc width, centered at 6, 8, and 10 kpc, respectively. Note in particular the shift in phase of the major arm within the 8 kpc band (clock hand location of 10:00) between the epochs of t = 1460 and t = 1720. At the epoch t = 1460 (Fig. 5a ) the phase of the density enhancement lies at a radial position clearly outside the locus of the potential minimum (solid curve) and downstream of it, lagging it in time. In contrast, at the epoch t = 1720 (Fig. 5h) , the phase of the density enhancement has shifted to a radial position just inside that locus (solid curve) and upstream of it, preceding it in time.
The magnitude and phase of systematic motions in the velocity field of case J are also found to undergo strong variations in time. Figure 6 exhibits the velocity field for case J at the two representative epochs t = 1460 (Fig. 6a ) and t = 1720 Myr (Fig. 6b) . Substantially stronger orbit crowding is apparent along the major spiral arms in the outer disk at the epoch t = 1720 Myr (Fig. 6b) . Likewise, note how the character of the orbit crowding has changed in the inner half of the disk during the interval of time separating the two epochs. Ovals of velocity streaming are evident with very different orientations at these two representative epochs.
We can examine these effects in more detail by focusing on the representative annulus of 500 pc width centered at 8 kpc. Plotted in Figure 7 versus spiral phase are the distributions of the cloud system's number density and the velocity components uy and u L at six sample epochs: t = 1460, 1600 , 1720 , 1820 , 1880 , and 2040 . Number density enhancements are exhibited with peak-to-mean values, of 2.2:1 to 3.0:1 and arm-tointerarm contrasts of 3.9:1 to 7.5:1. A comparison of the distributions in these six panels reveals several intriguing characteristics of the gas cloud system's " undamped " response in case J. First, the strong compression wave is seen to undergo substantial shifts in spiral phase over time. Second, the shifts are found to occur in a remarkably regular cyclical " sloshing " pattern. The density peak, located at a maximum phase of Short solid curves at clock hand locations of 14:00, 10:00, and 14:30 mark the locus of the spiral perturbation potential minima. Collective "sloshing" of the spiral arm density response is evident, with the major spiral arms persisting but largely washing in and out. Dissipative cloud-cloud collisions have not been permitted to play any steadying role in case J or in a parent before birth (in contrast to cases M and H).
~220° at i = 1460 Myr (Fig. la) , is followed as it shifts backwards toward decreasing values of phase through the locus of the spiral potential minimum at 180° at i = 1600 Myr (Fig. lb) , and on toward a minimum phase of ~145° at i = 1720 Myr (Fig. 7c) . From this location of minimum spiral phase the density peak shifts forward toward larger phases again, passing through a phase of 180° at i = 1820 Myr (Fig. 7d) , and reaching a maximum phase near 220° again at i = 1880 Myr (Fig.  le) . Figure If (t = 2040 Myr) shows the density enhancement again on the decreasing portion of its cycle near the locus of the spiral perturbed potential minimum at 180° phase.
The «H and u ± velocity components reveal that the cloud system's systematic motion also undergoes substantial timevarying shifts that follow the same cyclical " sloshing " pattern. The characteristics of rapid decline, followed by more gradual rise, in the u L profile at the epoch t = 1460 Myr (Fig. la) change to become both rapid decline and rapid rise at the epoch t = 1600 Myr (Fig. lb) , producing a deeper and much more symmetric u ± trough near 180° spiral phase. By the epoch t = 1720 Myr (Fig. 7c ) the u 1 profile exhibits characteristics of more gradual decline followed by rapid rise. The systematic motion exhibited by both My and u L profiles has disappeared almost entirely at the epoch t = 1820 Myr (Fig. Id) . By the epoch t = 1880 Myr (Fig. le) , the "sloshing" cycle has come b Case J a "Sloshing" of the number density peak over spiral phase is clearly evident, as well as substantial time variations in the velocity profiles. The u ± velocity component evolves from {a) an asymmetric, rapid declinegradual rise profile, to (b) a symmetric profile, to (d) a flat profile, and back to (e) the asymmetric, rapid decline-gradual rise profile. through a full period, with the «n and u L profiles exhibiting characteristics similar to those at the epoch t = 1460 Myr (Fig.  la) . Likewise, the Wy and u ± profiles at the epoch t = 2040 Myr (Fig. If) show characteristics again coinciding with those of the earlier epoch t = 1600 Myr (Fig. lb) , one full cycle before. d) Cyclical " Sloshing " without Dissipative Cloud-Cloud Collisions The cyclical " sloshing " of the density and velocity distributions in collisionless case J is actually even more regular than thus far demonstrated. In order to investigate the degree of regularity of the " sloshing," the dynamics of the ballistic cloud system in case J is followed in the computations over time scales up to 2800 Myr. Displayed in Figure 8 versus time over approximately two-thirds of the total computed evolution, from 1000 to 2800 Myr, are (i) phase of the peak of number CLOUD FORMATION 21 density (Fig. 8a) , (ii) magnitude of the u ± component of systematic motion, measured by the difference between the maximum and minimum values, Wj_ max -w lmin (Fig. 8h) , and (iii) peak-toaverage number density, n max /<n) (Fig. 8c) , all evaluated within the representative annulus at 8 kpc. The computational results are sampled at 1 Myr intervals. Averages, based on 60 samples each, are computed every 20 Myr. It is evident that the peak of the number density distribution undergoes shifts in spiral phase (Fig. 8a) that encompass a remarkably regular cyclical pattern over time. These variations in phase of the number density peak are centered about a phase of 180°, with maximum values as high as 220° and minimum values as low as 145°.
Variations in the My and u ± components of the systematic motion also follow the same remarkably regular cyclical pattern. The magnitude of the total variation for the u ± com- The moderately strong deviations from steady state by the cloud system in case H are attributed to the fact that dissipative cloud-cloud collisions are not present to play a steadying role after its birth at the epoch: t = 630 Myr. Case J's cloud system exhibits considerably stronger deviations from steady state (Fig. 8) because dissipative cloud-cloud collisions have played no steadying role at all in case J, not even in a parent before birth. ponent of velocity, w_L max -w lmin (Fig. Sb) reaches maximum values as high as 55 km s _1 and minimum values as low as 15 km s -1 . The time scale over which the phase of the density peak (Fig. 8a) and both u ± and My velocity distributions (e.g., w ±max - Fig-%b) in case J repeat a full "sloshing" period is -450 Myr.
The peak-to-average number density, n m2L J(ri) (Fig. 8c) , shows less-marked cyclical variations in time, with average values typically hovering within the range of 2:1 to 3:1. Fluctuations of these averages deviate only occasionally from this range. Thus, despite the strong cyclical "sloshing" in spiral phase, the magnitude of the number density peak relative to its average, n ma J(n}, is largely preserved over time. Figure 9 shows corresponding plots of (i) phase of the number density peak (Fig. 9a) and (ii) magnitude of the u ± component of systematic motion, w lmax - (Fig. 9b) Figs. 9a and 9b ) are substantially reduced from those of strong variations exhibited in case J (Figs. Sa and Sb). To be sure, cloud-cloud collisions are precluded in case J from the outset, starting from the initial epoch i = 0 Myr. Therefore dissipative processes play no role at all in the computed evolution of case J. At least for case H, dissipative cloud-cloud collisions do play an important steadying role in so far as they permit case M, the parent from which case H is born, to relax to steady state prior to and in preparation for the birth of case H.
V. results: individual particle orbits
In any large, number-crunching computational code, it is important to demonstrate that the results are not artifacts of numerical methods and algorithms adopted. We undertake to demonstrate this by showing that the results of the AT-body cloud-particle simulations, and in particular ballistic cases H and J, can be understood in terms of individual particle orbits. We focus on individual particles selected at random and follow them in their computed orbits over considerable time scales, up to 5000 Myr for some randomly selected particles.
CLOUD FORMATION 23 Figure 10a shows the computed radial position, as a function of time, for one sample particle selected at random from those particles located within the representative 8 kpc annulus in collisionless case J. Over the 3000 Myr plotted, the particle undergoes nonlinear epicyclic motion characterized by repeatable sequences of radial oscillations. The particle's rapid radial oscillations have an epicyclic period of ~130 Myr, consistent with what one would expect from standard (linear) epicyclic theory for a particle at this radius. a) Deviations from Standard Epicycle Theory: Trapping In general, the frequency at which a particle passes through successive spiral arms is not necessarily a multiple of the epicyclic frequency of radial oscillation. This is indeed the case here because the period for spiral arm passage is ~175 Myr (compared with the epicyclic period of ~130 Myr). Thus, linear epicyclic theory would suggest that the epicyclic motion experienced by the particle would never remain long in phase with the spiral arm forcing. Naively, based on linear epicyclic theory, one might expect the apparent noncommensurability of epicyclic frequency and spiral forcing frequency to exclude the possibility that a particle could remain long in selected regions of spiral phase. Such apparent noncommensurability might also be argued to exclude the possibility of strong persistent enhancements in the collective cloud density response in the N-body simulations.
However, examination of the individual particle orbit in Figure 10a shows that the spiral forcing modulates the epicyclic oscillations in a regular nonlinear manner, leading to periodic "trapping" of the particle. Indeed, the dimension of Fig. 10. -(a) Radial position vs. time of a sample particle located within the representative annulus at 8 kpc of case J. The epicyclic motion of the particle is modulated in a regular nonlinear manner by the spiral perturbed forcing, (b) Spiral phase vs. time of the same sample particle illustrated in (u). The position 180° marks the location of spiral arm potential minima. Labels " a " to " b," " c " to " d, " and " e " to " f " delineate trapping events characterized by retrograde motion with respect to spiral phase. ROBERTS AND STEWART Yol. 314 the epicycle and in turn the radial oscillations of the particle undergo periodic modulations in amplitude that repeat over a time scale of ~ 450 Myr. Over this time scale, the radial dimension of the epicycle varies between ~ 1.5 kpc at maximum and several hundred parsecs at minimum. The dimension of the epicycle that the particle would have had in the absence of the spiral perturbation is typically smaller than the maximum dimension exhibited in Figure 10a , in part because the spiral perturbation is the dominant cause of the epicyclic deviations of the particle from a purely circular orbit. Figure 10b shows the spiral phase of this particle plotted versus time over the same 3000 Myr as in Figure 10a . The spiral phase at 180° marks the location of the spiral potential minimum, and for the remainder of this discussion of individual particle motion, we will refer to the phase interval between 135° and 225°, centered on 180°, as simply the "arm" region. Each continuous segment represents the motion of the particle around half the disk (through a full 360° in spiral phase), from one interarm region to the next. The relative amount of time that the particle spends in any given interval of spiral phase is inversely proportional to the slope along each segment. Many of the segments exhibit " bumps of retrograde motion " where the particle temporarily becomes "trapped" and for a short time (e.g., 50 Myr) moves backward across the arm, before continuing in its forward motion again. Such trapping events cause the particle to spend a large fraction of its total orbital time within a spiral arm (e.g., as much as 45% of its total orbital time in traversing the conventional arm region which itself constitutes only 25% of the total spiral phase).
A direct comparison between Figures 10a and 10b shows that these trapping events occur when (i) the amplitude of the dimension of the epicycle is near its maximum value and (ii) the particle's radial position is decreasing. We interpret this correspondence to mean that a trapping event can take place when the particle enters a spiral arm at a preferred phase angle in its epicycle. This preferred epicyclic phase angle occurs when the particle is just beginning a large downstroke in its radial motion. For example, the three trapping events occurring at the locations between points labeled "a" and "b," "c" and "d," and "e" and "f" in Figure 10b correspond to the large downstrokes of the radial motion between points with the same labels in Figure 10a . Thus, whenever the particle enters the arm with this preferred phase angle in its epicycle, it becomes trapped and falls along the arm (radially inward) in an exaggerated epicycle, before leaving the arm during the subsequent upstroke of the epicycle. Over a period of ~ 450 Myr, the particle cycles through a sequence of one or two large epicycles and several abbreviated epicycles, the latter of which allow the particle to return to the preferred spiral phase and repeat the sequence. Each abbreviated epicycle in Figure 10a corresponds to a nearly uniform advancement in spiral phase in Figure 10b . The abbreviated epicycles are therefore periods of phase readjustment which allow the epicycle phase angle to advance rapidly to a point that the particle can enter the next arm with the "preferred epicyclic phase for trapping to once again occur." If this continual (nonlinear) phase readjustment did not take place, then the noncommensurability of unperturbed epicyclic frequency and spiral forcing frequency would prevent the trapping from occurring as often as it really does.
Note the shifts in spiral phase of successive trapping events. The successive trapping events at the second and third labeled locations between points c and d and points e and f occur at spiral phases slightly larger and slightly smaller than 180°, respectively. Thus, during the transit from c to d, the particle moves down the outside of the arm, whereas during the transit from e to f, it moves down the inside of the next arm. This progression of spiral phase for successive trapping events can be understood in terms of the noncommensurability of epicyclic frequency and spiral forcing frequency. Simply stated, the particle's epicycle has a natural tendency to reach the "preferred epicyclic phase for trapping" at a smaller spiral phase angle than it did in the preceding arm. Two successive trapping events can occur only if the first trapping event occurs on the outside of one arm and the next trapping event occurs on the inside of the next arm. When a trapping event occurs in the middle of an arm, as at the first labeled location between points a and b, then the next arm is too far away (in spiral phase) to permit a subsequent trapping event at the particle's passage through that next arm. We have examined corresponding particle orbits at other galactic radii which show similar trapping events, but with different periodicities.
In 5000 Myr, a sample particle, for example, in the representative annulus at 8 kpc will experience upward of 25 arm crossings. We undertake to determine statistically the distribution of time spent by a randomly selected sample particle in different regions of spiral phase during the large number of revolutions experienced by that particle about the model galactic disk. We ask if the sample particle will spend statistically more time on average in some regions of spiral phase than in others, and if so, how much more time. In particular, might such a particle selectively pick some regions of spiral phase and spend a disproportionately large fraction of its total time in these regions? Figure 11 (top) provides a plot of the distribution time, with respect to spiral phase, experienced by the same randomly selected particle as considered above (Figs. 10a and 10b -Upper: distribution of time spent in 60 equal-size intervals of spiral phase over a period of 5000 Myr by the same sample particle as shown in Fig. 10 . The broad peak of 2:1 to 3:1 peak-to-mean enhancement demonstrates that the sample particle spends a disproportionately large fraction of its total orbital time in the arm potential minima. This is largely a result of the many trapping events experienced by the particle over its computed 5000 Myr evolution. Middle, bottom: and u ± components of velocity for the sample particle, averaged during its many passages through each interval of spiral phase. 1987ApJ. . .314. . .1OR No. 1, 1987 GIANT MOLECULAR located in the representative 8 kpc annulus. This distribution of time is determined by measuring the time spent by the particle in each of 60 equal-size intervals of spiral phase during its many revolutions about the disk over a total time period of 5000 Myr. Most striking is the broad peak of large amplitude in the time distribution; this peak is centered in phase on the locus of the spiral potential minimum at 180°. Note how symmetric is this broad peak; there is no apparent skewness. The particle spends a disproportionately large amount of its total time in the conventional arm region (135 0 -225°). The W|| and velocity components of the systematic motion exhibited by the particle during its passage through each interval of spiral phase are plotted in the middle and bottom frames of Figure 11 . These distributions actually represent average values over the particle's many cycles about the model galactic disk for each interval of spiral phase. Notable is the broad u ± trough centered on the locus of the spiral perturbed potential minimum at 180° phase. The particle's u ± component of velocity reaches average values as low as 11 km s -1 . This low u ± trough indicates how slowly on the average the particle actually moves across the conventional arm region; this accounts for the relatively large fraction of time it spends there. The My component of velocity signifies the strong systematic motion experienced by the particle on the average in the direction parallel to the arm.
These time and «n and u ± velocity distributions of the systematic motion experienced by an individual particle provide insight toward a deeper understanding of the AT-body simulations. It is now clear that the strong global spiral response of the collective cloud system in the AT-body simulations can be largely attributed to this tendency of individual particles to spend a large fraction of their time in the region of the spiral potential minimum. Significant orbit crowding is clearly unavoidable for a collective system of such cloud particles.
b) Dynamical Origin of Nonlinear Epicycles
The periodic modulation of a particle's epicyclic dimension shown in Figure 10a can be explained in terms of Hamiltonian mechanics. In the absence of the spiral perturbation potential, low-velocity dispersion orbits are well described by linear epicyclic theory in which particles execute simple harmonic motion about the local circular orbit. The radial dimension of the epicycle is conveniently described by the radial action variable / l5 which is proportional to the energy of a onedimensional oscillator with epicyclic frequency k,
where r^ is the radial displacement from the local circular orbit with the same angular momentum (Lynden-Bell and Kalnajs 1972) and ^ is an exact integral of the orbit for axisymmetric gravitational potentials. When a spiral perturbed potential is applied, the epicyclic motion causes the particle to oscillate across a spatially varying perturbation potential. We show in the Appendix that the particle is effectively subjected to an infinite number of discrete Fourier components of the spiral perturbed potential (eq. [All]). However, only the lowest frequency Fourier components produce a noticeable effect on the orbit because the Fourier amplitudes decrease rapidly for frequencies much greater than k. The net result is that the radial action experiences oscillations at several frequencies <k. This behavior is CLOUD FORMATION 25 illustrated in Figure 12a where we have plotted the radial action for the same particle considered in preceding section. According to the analysis given in the Appendix, the Ith Fourier mode of the spiral perturbation has frequency /* = 2(Q -Q p ) + k , where Q is the angular velocity of the local circular orbit and Q p is the angular velocity of the spiral pattern. The modes corresponding to / = ± 1 are the outer and inner Lindblad resonance frequencies, whereas / = 0 is the corotation frequency. In our model galactic potential the exact resonance condition (f = 0) is never actually met because bothf 0 and/ +1 only approach zero at galactic radii well outside the maximum radius of our AT-body simulations and f_ 1 never falls below a value of ~0,0121 Myr" 1 . At a galactic radius of 8 kpc, which is close to the average radial location (7.9 kpc) of the sample particle illustrated in Figures 10, 11 , and 12a, the three slowest frequencies are f_ 1 = 0.0122 Myr -1 ,/ 0 = 0.0341 Myr -1 , and f +1 = 0.0804 Myr -1 . Note that only /_! and f 0 are less than the local epicyclic frequency k = 0.0463 Myr ~1.
To determine if these frequencies are in fact represented in the action oscillations shown in Figure 12a , we have performed a standard Fourier transform spectral analysis on the time behavior of the radial action. The logarithm of the resulting power spectrum is given in Figure 12b for a time series of length 10,000 Myr with a sampling rate of one point per 4 Myr. It is evident that the power spectrum is dominated by the lowest frequency peak at 0.0139 Myr -1 . Note that this frequency is ~ 14% larger than the predicted value of/.!. The smaller peaks at 0.0354, 0.0491, and 0.0844 Myr -1 are within 6% of / 0 , k, and/ +1 , respectively. The small deviations of these frequencies from the predicted values arise because the actual trajectory is centered at 7.9 kpc rather than at 8 kpc and because nonlinear corrections to the epicyclic frequency are nonnegligible when the dimension of the epicycle reaches its maximum value of 1.5 kpc. The two peaks at 0.0634 and 0.0707 Myr -1 do not closely correspond with any predicted frequencies or multiples thereof. The 14% frequency shift in the dominant peak as well as the presence of these latter two additional small peaks are attributed to the essentially nonlinear nature of the spiral perturbed potential.
The dynamical origin of the 0.0139 Myr -1 mode is an important ingredient to our general study of the spiral density response because this frequency corresponds to the 450 ± 5 Myr period for large modulations in the epicycle size (Fig. 10a) and, hence, governs the average frequency of trapping events in spiral arms. It would be desirable, therefore, to be able to identify this long period modulation with the inner Lindblad frequency of the spiral perturbation potential. Just such a slow modulation of the radial action has been predicted by Contopoulos (1975) in his study of galactic orbits near the inner Lindblad resonance. Contopoulos shows that the slow periodic oscillation of the radial action is the result of a second integral of the motion (the Jacobi integral being the first) which exists for orbits sufficiently close to the inner Lindblad resonance condition (/_ t tc).
Unfortunately, Contopoulos's analysis does not apply to orbits studied in the present paper because the resonance condition if k) never occurs. For example, at a galactic radius of 8 kpc, /_ i ~ k/4 is not well separated from f 0 ae 3tc/4 and f + ! ä 7fc/4. A correct analysis for our orbits must therefore take into account at least the two Fourier modes/_ 1 and/ 0 ; we cannot simply neglect all the modes except/_ x as Contopoulos -(a) Time evolution of the radial action ^ for the same sample particle in the representative annulus at 8 kpc of case J considered in Figs. 10 and 11. (b) Power spectrum of the time evolution for the radial action I x displayed in (a). Vertical axis gives the logarithm of the spectral power; the maximum noise level falls near log (10°) = 0. Horizontal axis gives frequency in Myr -1 . The dominant Fourier mode at frequency 0.0139 Myr" 1 (with approximate period of 452 Myr) governs the frequency of the regular sequence of trapping events experienced by the sample particle (Fig. 10) and corresponds with the frequency of the cyclical pattern of collective " sloshing " (with approximate period of 450 Myr) for the cloud system within the representative annulus at 8 kpc in the iV-body simulations of case J. did in his study of near resonant orbits. A search of the plasma physics literature reveals that a similar problem arises in the study of plasma heating by large-amplitude electrostatic waves. It is not uncommon for these studies to obtain nonlinear shifts in the oscillator frequency (e.g., Lichtenberg and Lieberman 1983). We suspect that the frequency shift of the slowest Fourier component of our power spectrum (0.0139 Myr" 1 ; Fig. 12b ) from the value of/_ ^Q.0122 Myr" x ) predicted from linear epicyclic theory is due to a similar nonlinear effect.
To test this hypothesis that the frequency shift in the / = -1 Fourier mode is due to a nonlinear effect, we calculate several orbits in a spiral perturbed potential with reduced amplitude of only 1/10 the previous strength. In this case one would expect the total response to the spiral perturbation to be closely approximated by a linear superposition of the individual responses from each Fourier mode. Figure 13a shows the action modulation for such an orbit in the representative 8 kpc annulus, and Figure 13b provides the corresponding power spectrum. Note that the total range of the vertical scale for Figure 13a is reduced by a factor of 10 compared to that of Figure 12a , thus reflecting the reduced strength of the spiral perturbed potential (Fig. 13a) . Likewise, the power scale in Figure 13b has a lower bound which is 2 less than that in Figure 12h , representing 1/100 the magnitude. As expected, the dominant Fourier mode of the power spectrum (0.0123 Myr " x ) is now within a few percent of the inner Lindblad frequency /_ 1 (0.0122 Myr" 1 ). The two previously unexplained peaks at 0.0634 and 0.0707 Myr" 1 in Figure 12b are also shifted and are much reduced in power in Figure 13b ; the second being so much reduced in power that it does not appear within the specified power range plotted in Figure 13b . A similar frequency shift in the dominant Fourier mode was found at other galactic radii. Table 2 lists the frequency of the dominant mode of the action power spectrum for orbits in representative annuli at 4, 6, and 8 kpc from the galactic center for three different strengths of the spiral perturbed potential. At each radius, when the spiral perturbed potential is reduced by a factor of 10 (third row), the frequency of the dominant Fourier mode for the computed orbit of the sample particle is closely approximated by the local inner Lindblad frequency f-1 (fourth row). c) Origin of Collective Sloshing in the Density Response In § Va we described how orbiting particles can be temporarily trapped in spiral arms whenever they enter the arm with an epicyclic phase angle that is within some narrow interval. When many neighboring particles in our AT-body simulations enter a spiral arm with this preferred epicyclic phase angle, a collective orbit crowding occurs which produces a strong Fig. 13. -(a) Time evolution of the radial action / 1 for a sample particle in the representative annulus at 8 kpc, but orbiting in a spiral perturbed potential field with amplitude reduced by a factor of 10 from that considered in Figs. 10,11, and 12. Note that the total range of the vertical scale is reduced by a factor of 10 from that of Fig. 12a . {b) Power spectrum of the time evolution for the radial action 1 1 displayed in (a). Note that the spectral power is reduced by two decades below that of Fig. 12b ; the maximum noise level falls near log (10" 2 ) = -2. Under the reduced spiral perturbed forcing, the dominant Fourier mode now occurs at frequency 0.0123 Myr" 1 which is within a few percent of that of the/_ ! mode, 0.0122 Myr" 1 , predicted from linear epicyclic theory. density response to the spiral perturbed potential field. These particles need not enter the spiral arm simultaneously to contribute to the collective density response because the temporary trapping requires each individual particle to spend a disproportionately large fraction of time in the arm region. However, not every arm crossing leads to trapping behavior. As seen in Figure 10b , about three of every five arm crossings exhibit the temporary retrograde motion characteristic of a trapping event. If many neighboring particles enter a spiral arm with epicyclic phase angles outside the preferred interval for trapping, the collective orbit crowding does not occur, and the local density response is greatly diminished. This temporary washing out of local regions in the spiral density response is clearly evident in the computational simulations of collisionless cases H and J, with substantial " sloshing " in case J. The temporary disappearance of local segments of the spiral density response in our Af-body simulations is found to be highly periodic. An approximate period of 450 Myr is required to complete the cycle at a galactic radius of 8 kpc. Moreover, this collective oscillation period is coincident with the period for the modulation of the radial action of individual orbits at this radius. The coincidence in periods between collective and individual particle dynamics clearly implies a surprising degree of phase coherence among neighboring particle orbits in cases H and J of the computational experiments. If neighboring particles follow the succession of trapping events illustrated in Figure 10b approximately in phase with one another, then the local density response will be washed out every time a trapping event fails to occur for the " typical local particle " as it crosses the spiral arm. The fact that the collective density response is observed to sweep back systematically from a position just downstream of the spiral arm potential minimum to a position just upstream before being temporarily washed out is also consistent with the individual particle behavior seen in Figure 10b . This collective sloshing of the spiral arm response is therefore interpreted as a direct manifestation of the orbital dynamics of individual particles described herein.
To understand the origin of this high degree of phase coherence among neighboring particles, one must first recall how these computational experiments are initiated. As described in §HI, case H is born from a collisionally evolved simulation (case M) : the experiment is started by simply turning off cloudcloud collisions and star formation processes. Just prior to the initiation of case H nearly half of the cloud particles reside in the strong density enhancements centered on the spiral arm potential minima. These particles will most likely have recently suffered several dissipative collisions with their nearest neighbors and therefore have rather similar orbital parameters. The remaining cloud particles in the interarm regions will likewise retain some memory of their most recent arm crossing, ROBERTS b A is the constant coefficient of the spiral perturbed forcing appearing in eq. (A3). The percentage strengths in parentheses below each value for A denote the ratio of the spiral perturbed force to the central axisymmetric force over the range of galactic radii between 5 and 10 kpc.
although their orbits will exhibit a somewhat higher dispersion due to the most recent random impulses they receive from newly formed stars. As case H is allowed to evolve, all the particles which start with nearly the same orbital phase as their neighbors will remain nearly in phase because the slow modulation of each particle's radial action will have nearly the same period as its nearest neighbors. A collective sloshing of at least half of the cloud particles is the inevitable result.
In case J the phase coherence must have a different origin because cloud interactions are omitted from the outset. This case, however, is strongly influenced by the initial impulse every particle feels when the spiral perturbation to the potential field is first turned on. As stated in § III, the particles are initially distributed with a small random velocity disperson about the local circular orbit. When the spiral potential perturbation is turned on, every particle experiences a strong acceleration that is very similar to that acceleration felt by its nearest neighbors because the spiral perturbed potential is smoothly varying in space. The initial randomness of the particle orbits is apparently overwhelmed by the systematic spiral perturbed potential which largely determines the size and phase angle of each particle's epicycle. A high degree of orbital phase coherence is thereby induced into this experiment as well.
In the most realistic, collisionally evolved iV-body simulations reported in Papers I and II, collective sloshing of the spiral density response is not noticeable unless the collisional mean free path is long (>1 kpc). The initial phase coherence caused by turning on the spiral potential perturbation is completely damped after ~ 500 Myr. Nevertheless, a certain degree of orbital phase coherence is induced at every arm crossing due to the numerous dissipative collisions that occur in the arms. About the same degree of phase coherence as is found in case H must always be present, but unlike that case, the orbital phases are reset at every arm crossing. This continual resetting of epicyclic phase angles in spiral arms is no doubt the primary reason for the strong steady density response that these collisional simulations tend to exhibit.
VI. CONCLUSIONS AND DISCUSSION In the cloud-particle studies of this paper and Papers I and II, we have examined mechanisms and processes underlying AND STEWART Vol. 314 the internal dynamics and morphological appearances of cloudy ISMs and their newly triggered stellar association counterparts in spiral density wave-dominated galaxies. We adhere to the philosophy that the results of large-scale numerical AT-body simulations are best understood by systematically disassembling the model into its basic components so that the main effects of each ingredient on the end result can be separately analyzed and understood. This philosophy was followed in Papers I and II through investigations of the overall picture encompassing the gaseous component, the young stellar association component, and gas-star interactions. In this paper we have attempted to carry this philosophy further by examining and reexamining the picture at substantially reduced levels of complexity through isolation and removal of competing effects. At the most reduced level of complexity studied, the stripped-down, " skeletal " form of the picture contains only the gaseous component represented by a cloud system of ballistic particles.
The cloud system itself, under the influence of the spiral perturbed gravitational field, is largely insensitive to the stellar parameters governing gas-star interactions and the formation of the young stellar association component. The global cloud distribution is much more strongly affected by the spiral perturbed galactic gravitational potential field and by the magnitude of the velocity dispersion characterizing the cloud system's random motions. The lower the cloud velocity dispersion or the larger the amplitude of the spiral perturbed potential field, then the greater the strength of the cloud system's spiral arm response. In the presence of a 5%-10% spiral perturbed galactic gravitational field, a cloud system of low to moderate velocity dispersion (e.g., one-dimensional component of velocity dispersion not exceeding 6 km s -1 , consistent with observations) responds with a strong global density wave, with clouds strongly concentrated in spiral arms.
1 Strong "orbit crowding" is found to be dominant along the spiral arms, even in models where dissipative cloud-cloud collisions and selfgravity are purposefully excluded. The details of the orbit crowding behavior are distinctly different from the "oval" nesting of periodic orbits, described by Kalnajs (1973) . In our simulations the cloud particles follow nonperiodic orbits that are temporarily trapped in spiral arms as well as locallyredirected by dissipative cloud-cloud collisions. The strength of the spiral global density wave response is shown to be intimately related to the magnitude of the orbit crowding.
Notwithstanding the overall, time-averaged similarity between the cloud fields of different models, we have seen that stochastic fluctuations in a particle-dominated ISM medium can produce locally quite important, if temporary, variations in cloud densities. In particular, many of our models produce cloud aggregations of hundreds of parsecs extent, bordered by regions of relatively low cloud number. As these models correspond to galaxies where the clouds are relatively infrequent but massive, these aggregations might be thought of as giant cloud complexes (GMCs). The assembling of such cloud complexes in spiral arms is seen to be a direct consequence of orbit crowding there. Dissipative cloud-cloud collisions within the GMCs themselves enhance this effect. Such objects could \ -I 00 ! exhibit narrow but finite line widths similar to those observed ^ in CO emission (Stark 1986 ). Clouds need not actually coalesce ê in order to meet Stark's observational criteria for defining a oe GMC. The inefficiency of cloud coalescence in the formation of ^ GMCs may therefore be much less of a problem than earlier suggested by Hausman (1982) and Gilden (1984) . Loosely associated complexes that do not become gravitationally bound would be expected to be largely disassembled upon exiting the arm through the postarm divergence in the cloud system's velocity field just outside (and downstream of) the spiral arms. Massive star formation need not be the dominant mechanism for the disruption of these loosely associated GMCs.
On the basis of our results, we would note that the determination of individual cloud lifetimes is difficult. The individual clouds in our computed models live forever and yet they show strong concentrations in spiral arms. This intriguing duality in our results counters the earlier arguments of some authors who suggest that molecular clouds are long-lived because their global distribution lacks spiral structure as well as the counter arguments that molecular clouds are short-lived because they are observed primarily in spiral arms. Elmegreen (1985b) also cautions against such fallacies in corresponding arguments toward the determination of individual cloud lifetimes.
Our cloud-particle computations (for the 6 km s -1 onedimensional velocity dispersion cloud systems presented) exhibit peak-to-mean enhancements within global spiral arms in the range of 2:1 to 4:1, with arm-to-interarm contrasts up to 8:1. On the other hand, it is important to note that slightly more than 50% of all clouds in the computed models are located outside the conventional "arm" region, distributed over the interarm region with width encompassing threefourths of the total spiral phase. On this basis it would not be unreasonable to expect some reasonable proportion of molecular clouds to be likewise distributed throughout the interarm region of spiral galaxies. This expectation from our computed results is in good agreement with the observations available for several external galaxies. For M51, Rydbeck, Hjalmarson, and Rydbeck (1985) clearly show that the CO emission is peaked along the spiral arms, while the intensity of the emission from the interarm region is as much as 50% that seen in the arm peaks. For M83, Allen, Atherton, and Tilanus (1986) find that the H remission peak occurs downstream from the dust lanes and suggest that the absence of H i emission from either the dust lanes or the upstream side of the spiral arm implies that the prearm gas entering the arm from the interarm region must be largely molecular. Solomon, Sanders, and Rivolo (1985) report two different types of molecular cloud populations in our Galaxy: one cold component distributed throughout the disk, another warm component with a nonaxisymmetric distribution that is very closely associated with radio H n regions. They, in fact, criticize Cohen et al (1980) and Thaddeus (1981) for failing to identify the CO emission from the cold clouds in the interarm regions.
On the basis of our picture, we would expect the GMCs in grand design spiral galaxies to be strongly concentrated in the spiral arms because orbit crowding and dissipative cloudcloud collisions have been demonstrated from the calculations to be capable of assembling the complexes there. For M31, Stark (1985) finds the CO distribution indeed to be strongly concentrated to the spiral arms, with contrasts up to 25:1. Arm-to-interarm contrasts of this magnitude in our cloudparticle model are attainable if the cloud system has somewhat CLOUD FORMATION 29 lower one-dimensional velocity dispersion than 6 km s -1 (e.g., 3-4 km s" 1 , under the prescribed 5%-10% spiral perturbed forcing). Of course, such 25:1 contrasts, and even substantially lower contrasts for galaxies with high gas content, would also suggest that the global and local self-gravitational effects of the massive conglomerations are likely to be important.
The VLA observations of the radio continuum emission from M81 of Bash and Kaufman (1986) show nonthermal radio emission spiral arms that are patchy and well resolved, with widths of 1-2 kpc. Such observed arm widths are consistent with the computed arm widths in our models. Our computed arm widths are primarily influenced by the amplitude of the spiral perturbed gravitational field and the magnitude of the velocity dispersion. On the other hand, these arm widths are very insensitive to the number density and size distribution of clouds, to the details of individual cloud-cloud collisions, and to the probability of coalescence versus fragmentation. The explanation for this insensitivity to cloud parameters is that orbit crowding and not the collisional mean free path largely determines the width of the arm. This is why Tomisaka (1984) and Kwan and Valdes (1986) found normalized spiral arm widths (covering 25%-30% of spiral phase in their low pitch angle models; i = 6 0 -7°) almost identical to our normalized spiral arm widths, even though they tried to take into account the size distribution of clouds and cloud coalescence. The spiral arm structures which result in our cloud-particle studies are different from those predicted in the earlier continuum gas dynamical studies as well as in earlier ballistic particle models, dependent on assumptions from the continuum studies. In particular, our cloud-particle studies suggest that the locus of enhanced distribution of GMCs and star formation is likely to be distributed across the full finite width of the arm and likely not to be restricted to either the preshock or postshock regions. These results (Papers I and II and this paper) are in contrast to those of Bash (1979 Bash ( , 1981 , Bash and Visser (1981) , and Leisawitz and Bash (1982) where the model GMC distributions are more finely tuned, all with nearly the same age, and all initiated at or near the postshock (continuum) velocity.
Dissipative cloud-cloud collisions are important in a number of respects. First, even though the cloud system exhibits a response whose magnitude is remarkably insensitive to the collisional mean free path, the characteristic shape of the response is strongly dependent on the mean free path and the degree to which cloud-cloud collisions take part. The more-orless symmetric density and u ± velocity profiles in long À models with low collision rates undergo changes to asymmetric, shocklike profiles in short A models where cloud-cloud collisions take part with greater frequency. Those galaxies which exhibit spiral structures with asymmetric density and velocity profiles, characterizing galactic shocks, in their global cloud distributions are identified on the basis of our computations as systems in which dissipative cloud-cloud collisions are a prominent dynamical mechanism, acting together with the important dynamical mechanism of "orbit crowding." Yuan and Wang (1982) also emphasize the importance of cloudcloud collisions through calculations of the motions of the cloud medium behind large-scale galactic shocks using a viscosity estimated from the cloud mean free path; however, the overwhelming influence of the orbit crowding phenomenon is not included in their approach.
Dissipative cloud-cloud collisions are shown to play an important steadying role for the cloud system's global spiral ROBERTS AND STEWART Vol. 314 structure. In the absence of dissipative cloud-cloud collisions the global spiral structure is seen to exhibit sizable transient subfeatures and spurs which dissociate and reform locally as they undergo shifts in phase, "slosh," and "wash in" and " wash out " of the grand design spiral structure. In model J in which cloud-cloud collisions are excluded from the very beginning of the evolution (epoch i = 0 Myr), strong " sloshing " is found to persist with no apparent trend toward a steady state, even after ~ 3000 Myr. Since cloud-cloud collisions occur primarily in the high number density regions of the spiral arms, they tend to reset the epicyclic phase of nearby orbits so that they collectively enter the next arm with nearly the same orbital phase. Such resetting of the orbital phases is viewed to stabilize the cloud spiral structure and suppress the sloshing. Dissipative cloud-cloud collisions are also important in the respect that they serve to maintain a low velocity dispersion cloud component in disk-shaped galaxies. Such cold cloud systems are better able to provide the appropriate environment for the effective assembling of massive cloud complexes (GMCs), as demonstrated within the spiral arms in these computations, and thereby to produce fertile beds for star formation activity. Scoville, Sanders, and Clemens (1986) suggest that the dominant mode for high-mass star formation in the Galaxy is the compression of molecular gas in the interface regions between colliding clouds. They attribute the overwhelming proportion of massive OB star formation to the mechanism of cloud-cloud collisions. Further, on the basis of CO line surveys Sanders, Scoville, and Solomon (1985) suggest that over 90% of the star-forming gas in the disk of our Galaxy resides in GMCs of mass 10 5 -10 6 M© and typical size 10-80 pc.
The results in this paper complement those in Papers I and II where we also studied the likely range of effects that star formation processes and young star properties can have. We found that it is possible, by appropriate choices of the parameters which describe star formation and cloud-star interactions, to produce a wide variety of bright-star spiral patterns. Associations of protostars may form in clouds and cloud complexes following collisions or SNR interactions, the latter allowing sequential star formation. We have shown that the morphologies of our stellar association systems depend upon the relative dominance of these two star formation mechanisms: cloud-cloud collisions and SNR sparking. The population of young stellar associations in the model exhibits a coherent spiral pattern in all cases for which cloud-cloud collisions both are present and constitute an important star formation mechanism. In contrast, a case for which sequential (SSPSF) star formation dominates is unsteady and shows only transient spiral structure. We have produced model galaxies with extremely narrow, well-defined stellar arms, models with well-defined arms but a few spurs and irregularities, and models whose arms are well-defined but have a few gaps. We have found, when SNR sparking is the dominant star formation mechanism, models which temporarily resemble multiplearm " flocculent " spirals, despite the existence of an underlying strong, two-armed spiral pattern in the gas.
We have found that the distribution of young stellar associations is quite sensitive to assumptions about the mean lifetimes of bright stars and the susceptibility of their parent clouds to repeated, closely spaced acts of star formation. The sharp, well-defined spiral arms exhibited by the stellar associations in many of the models described are possible only when the delay times t d between star-triggering events and stellar burnout are rather short. We have seen that giving clouds a short mean refractory time t r , i.e., allowing them to react more frequently to potential star-forming events, has relatively little effect on bright star spiral patterns. However, this does permit a greater tendency to form interarm spurs than a large value of t r does. This is probably due to the generally greater fraction of SNR-sparked star formation which we find in short t r models, the spurs being chains or clumps of sequentially formed stellar associations.
Massive cloud complexes and structures in real galaxies are surely influenced by their own self-gravity and some may even be bound, whereas our cloud particles do not exert mutual gravitation. We would expect self-gravity to act on the global scale to enhance the arm-to-interarm contrast and on the local scale to enhance the aggregation of small clouds into GMCs. Nevertheless, the arm-to-interarm contrasts in the range of 4:1 to 8:1 found herein are comparable to, if not somewhat greater than, those arm-to-interarm contrasts of 3:1 to 6:1 quoted by Kwan and Valdes (1986) , who included the local effects of self-gravity between clouds. Likewise, the 0.48 fraction of clouds found within the conventional arm region measured over 25% spiral phase herein is comparable to the 0.53 fraction of cloud matter found within the 28% of spiral phase measured by Kwan and Valdes. This amazing coincidence of results suggests that the role played by self-gravity and cloud coalescence in Kwan and Valdes's work is not substantially different from the role played by orbit crowding and collisional dissipation described herein.
The net effect of dissipative collisions is equivalent to a thermal instability in a cloud fluid (Cowie 1980 . Recent stability analyses of model fluid equations for a cloudy ISM find that thermal instabilities caused by dissipative cloud collisions grow at least as fast as gravitational instabilities (Cowie 1980 Scalo 1985) . Rapid condensation of gas in the absence of self-gravity are also found in the two-fluid calculations of Chiang and Prendergast (1985) . These authors couple the gas fluid equations to a second set of fluid equations for stars. They find local condensations on the scale of molecular cloud complexes to form and dissipate in time scales substantially less than the Jeans free-fall time for gravitational instability. Although these authors do not specify the cooling mechanism of their gas fluid, their assumption that the gas cooling rate depends on the local gas density is compatible with Cowie's idea that clouds dissipate more energy in high density regions where cloud-cloud collisions are frequent.
It should be emphasized that neither we nor Kwan and Valdes have modeled the global effects of self-gravity between clouds, namely the average long-range enhancement of the spiral gravitational field generated by the concentration of clouds in spiral arms. On the global scale of spiral arm structures, the self-gravity of massive GMC complexes is likely to contribute significantly to the spiral gravitational field of the underlying stellar density wave. A recent continuum calculation by Lubow et al (1986; also see Balbus and Cowie 1985) of the spiral response in a self-gravitating (continuum) cloud fluid demonstrates that the arm-to-interarm contrast and characteristic shape of the density response may be significantly affected by the global self-gravity. The possibility that selfgravity may also substantially alter the ruggedness and stability of cloudy spiral arms suggests the desirability of adding such effects. In a future paper we shall investigate such effects in the framework of our cloud-particle model. 
where J 0 is the canonical angular momentum. Because of the ^-dependence of V u J 0 is not a constant of the motion. The Hamiltonian itself, however, is a constant of the motion; we denote the numerical value of H by h and refer to h as the Jacobi integral.
It is most convenient to express the Hamiltonian in action-angle form. We choose to follow the formalism of Contopoulos (1975) to obtain the approximate form H -h 0)^11 + (¿>212 F Vi , (A6) where oq is the epicyclic frequency and co 2 is the circular orbit frequency at radius r c defined by the value of the Jacobi integral h: Mi = K(r c ) , a> 2 = Q(r c ) -Q p , where li is the radial action and / 2 is the difference between J 0 and the angular momentum of a circular orbit at radius r c . Contopoulos actually retains terms quadratic in ^ and J 2 in his Hamiltonian, but we expect such higher order terms to be unimportant for the small velocity dispersion orbits considered in this paper. In any case, the higher order terms are not essential for our discussion.
The angle variables canonically conjugate to /j and I 2 are the epicyclic phase, and 0 2 , the angular position of the epicyclic center. According to the well-known first-order epicyclic theory, a particle's position may be expressed in terms of the action-angle variables as where r ae r 0 -f Sj cos , 9 & 0 2 + s x sin ^ ,
and Sj 2Q
and r 0 is the radius of the circular orbit having angular momentum J 0 . Equation (A7) may be used to express the spiral potential Vi in terms of action-angle variables. In particular, the spiral phase function $>(/*) is to be Taylor expanded about r = r c . Note that the difference r 0 -r c may be neglected here at the accuracy of first-order epicyclic theory. We have where €>(r) « 0(r c ) + k c Si cos 9i , 
